When watching a natural scene on a computer screen, observers initially move their eyes towards the center of the image -an experimental finding termed central fixation bias (CFB). This systematic tendency in eye guidance masks attentional selection driven by image properties or topdown cognitive processes. Here we show that the CFB can be reduced by delaying the initial saccade relative to image onset. In two scene-viewing experiments, we manipulated observers' initial gaze positions and delayed their first saccades by a specific time interval after onset of the image. We analyzed the distance to image center over time and demonstrate that the CFB of initial fixations was significantly reduced with this design. We expect that eye-movement data with a reduced CFB provide a better test for models of visual attention in scene viewing.
Introduction
How humans look at natural scenes is influenced by multiple factors. Eye movements are influenced by low-level image properties (e.g., chromaticity, orientation, luminance, and color contrast; Itti, Koch, & Niebur, 1998) as well as higher level cognitive processes like the observers' scene understanding (Loftus & Mackworth, 1978; Henderson, Weeks Jr, & Hollingworth, 1999) , task (Yarbus, Haigh, & Rigss, 1967; Castelhano & Henderson, 2008) , or probability of reward (Hayhoe & Ballard, 2005; Tatler, Hayhoe, Land, & Ballard, 2011) . Besides low-level image features and top-down cognition, systematic tendencies have a strong impact on how humans look at pictures (Tatler & Vincent, 2009; Le Meur & Liu, 2015) . A dominant systematic tendency in natural scene viewing is the central fixation bias (CFB; Buswell, 1935; Tatler, 2007; Tseng, Carmi, Cameron, Munoz, & Itti, 2009 ). Regardless of stimulus material (Tatler, 2007; Tseng et al., 2009 ), head position (Vitu, Kapoula, Lancelin, & Lavigne, 2004) , initial fixation position (Tatler, 2007; Bindemann, Scheepers, Ferguson, & Burton, 2010) , or image position (Bindemann, 2010) , the eyes are reported to initially fixate close to the center of an image when presented to a human observer on a computer screen. Among other explanations for the CFB, it has been hypothesized that the image center provides an optimal starting point when no prior information is available and images appear abruptly on a computer screen (Tatler, 2007) . This hypothesis which suggests that the CFB is to some degree a laboratory artifact is supported by a reduction of the CFB in mobile eye tracking data (t ' Hart et al., 2009 ). Due to its robustness and strong influence in scene viewing experiments (Judd, Ehinger, Durand, & Torralba, 2009; Clarke & Tatler, 2014) , the CFB obscures attention allocation from bottom-up and top-down processing of the scene.
Over the past 20 years, an extensive amount of studies have been carried out to develop models that aim at reproducing the density maps of fixation positions in natural scenes (e.g., Itti et al., 1998; Harel, Koch, & Perona, 2006; Gao & Vasconcelos, 2007; Kümmerer, Theis, & Bethge, 2014) in order to understand the allocation of visual attention to an image (Itti & Koch, 2001; Borji & Itti, 2013) . Although most visual attention models are based on image properties, some models incorporate top-down processes like task demands and other higherlevel image features like face processing (Cerf, Harel, Einhäuser, & Koch, 2008) . However, regardless of the methods used to predict fixation locations in a given image, many models perform worse than a simple distance to center weighting (Judd et al., 2009 ) and rely on the implementation of a CFB (Kümmerer, Wallis, & Bethge, 2015) to improve their predictive power. The goal of our study was to reduce the CFB by delaying the initial eye movement relative to an unnatural sudden image onset on a computer screen. In perspective, data with a reduced CFB provide a better evaluation for computational models that aim at predicting the allocation of bottom-up and top-down visual attention to an image.
We conducted two experiments, in which observers were forced to maintain fixation on a controlled position for a specific time interval after image onset. It will turn out that the CFB can be strongly reduced by using this paradigm, especially for early eye movements. As a consequence, the relative weight of low-level and high-level cues in the scene is stronger than the weight of reflexive saccades towards the image center.
Method
Stimuli. A set of 120 images was presented on a 20-inch CRT monitor (Mitsubishi Diamond Pro 2070; frame rate 120 HZ, resolution 1280×1024 pixels; Mitsubishi Electric Corporation, Tokyo, Japan). The images were the same as in Tatler's (2007) original study on the central fixation bias.
Images were indoor scenes (40 images), outdoor scenes with man-made structures present (e.g., urban scenes; 40 images), and outdoor scenes with no man-made structures present (40 images).
Images were taken using a Nikon D2 digital SLR using the highest resolution (4 megapixel). All pictures had a size of 1600×1200 pixels. For the presentation during the experiment, images were converted to a size of 1200×900 pixels and centered on a screen with gray borders extending 64 Procedure. Participants were instructed to position their heads on a chin rest in front of a computer screen at a viewing distance of 70 cm. Eye movements were recorded binocularly using an Eyelink Trials for the first 20 participants began with a black fixation cross presented on a gray background at the horizontal meridian 5.6 • (256 Pixels) away from the left or right border of the monitor (Experiment I). For participants 21 to 40 the initial fixation cross was uniformly distributed on a donut shaped ring with a distance of 2.6 • to 7.8 • (100 to 300 pixels) around the screen center (Experiment II). After successful fixation, the image was presented according to the following procedure: A proportion of 20% of the participants was allowed to explore the image immediately after successful fixation. For all other participants the fixation cross remained on top of the image for a duration of 125 ms, 250 ms, 500 ms, or 1 s. Participants were instructed to keep their eyes on the fixation cross until it disappeared. If participants moved their eyes before the pre-trial fixation time elapsed, a mask of random noise was displayed and the fixation check before presentation of the image was repeated. The duration of the fixation check after presentation of the image will be referred to as pre-trial fixation time. Figure 1 illustrates a representative trial with the starting position on the left side of the screen. After successful initial fixation, participants were instructed to explore the scene freely for 5 seconds. The pre-trial fixation time was used as a between-subject factor, i.e., each participant was tested with one of the pre-trial durations.
Data Analysis
Data preprocessing and saccade detection. For saccade detection we applied a velocity-based algorithm (Engbert & Kliegl, 2003; Engbert & Mergenthaler, 2006) . Saccades had a minimum amplitude of 0.5 • and exceeded the average velocity during a trial by 6 (median-based) standard deviations for at least 3 data samples (6 ms). The epoch between two subsequent saccades was defined as a fixation. 
Distance to Center over Time
We computed the mean distance to center as a function for each of the five pre-trial fixation times . This was computed as To obtain a statistical measure for DTC over time we computed a linear mixed model for fixation position of the five initial fixations in each trial (Bates, Maechler, Bolker, & Walker, 2013) . We computed different models for the five initial fixations because no linear trend was visible between DTC and fixation number. We used the pre-trial fixation time as a fixed effect for the models and estimated an intercept for each of the 120 images as a random effect. The contrasts were defined such that all pre-trial fixation times were compared to the condition without a pre-trial fixation time (treatment contrast). The variable subject was not included as a random effect, since pre-trial fixation time was a between-subject factor.
Analysis of eye movement data from a previous study (Engbert et al., 2015) showed that our 
Results
In two scene-viewing experiments we controlled for the minimum amount of time between sudden image onset and the first saccade and analyzed the distance of fixations to the image center as a function of time and fixation number in a trial for each pre-trial fixation time.
Distance to Center over Time
As a continuous-time measure, we computed the DTC for each sample of the eye-position time series (see Methods). In this representation, a larger distance to center indicates a less pronounced CFB and vice versa. Figure 2 shows the influence of pre-trial fixation time on the mean distance ! ( ) to the image center for the first 2 s of observation time . After about 2 s the curves reached a stable value (not shown).
In Experiment I, the DTC initially decrease for all conditions (e.g., the CFB becomes larger). There is a pronounced effect that mean fixation positions tend to be closer to the image center when image onset and the signal to start to observe the image occurred simultaneously, i.e., with a pre-trial fixation time of 0 s (black curve in Figure 2) . Surprisingly, this effect is visible for the entire observation time. Additionally, there is a gradual influence of the duration of pre-trial fixation time on the strength of the CFB during initial fixations. Figure 2a shows that in the beginning of the observation the movement towards the image center is strongest for a pre-trial fixation time of 0 s (black curve) and becomes weaker as the pre-trial fixation time increases from 0.125 s (red curve) until 1 s (cyan curve) of pre-trial fixation time. In Experiment II, when the starting positions are located on a donut shape around the image center, the eyes only move towards the image center with a 0 s pre-trial fixation time (black curve in Figure 2 is the only curve with a pronounced negative slope in the beginning). A difference in DTC is visible until about 600 ms of observation time. Later in the trial, the curves converge. To summarize these results, a pre-trial fixation time of 125 ms is sufficient in both experiments to reduce the CFB during the initial fixations of observation.
For a statistical analysis of our results, linear mixed models (see Methods) were computed for both experiments for the initial five fixations, comparing all pre-trial fixation times to the condition without a pre-trial fixation. Tables 1 and 2 Table 1 shows that, with an extreme starting position (Experiment I), DTC is smallest (3.54 • ) without a pre-trial fixation time (i.e. image onset and the signal to start to observe the image occurred simultaneously). The influence is highly significant on the second fixation for all pre-trial fixation times with values ranging from 5.05 • for a pre-trial fixation of 125 ms to 6.46 • for a pretrial fixation time of 1 s. Also for the third, fourth, and fifth fixation the influence is significant for all pre-trial fixation times. to center analysis, in Experiment I the effect is still visible after the initial fixations, while the difference in densities is less pronounced after three or more fixations in Experiment II.
Discussion
In our experiments, we manipulated observers' initial fixation time to study how initial eye movements are affected by a sudden image onset. In both experiments the CFB on early fixations was strongly reduced if the initial eye movement was delayed for 125 ms or more relative to the image onset. This effect was particurlarly large if the starting position was far away from the image center (Experiment I). As an unexpected result from Experiment I, where initial fixation positions were located near the horizontal border of the screen, we found that the CFB was reduced throughout the whole observation time of 5 s. These results demonstrate that initial fixation can have a strong impact on viewing behavior over an extended viewing time (Engbert et al., 2015; Rothkegel, Trukenbrod, Schütt, Wichmann, & Engbert, 2016; c.f. Klein, 1988) .
Computational models that aim at predicting the allocation of visual attention to an image are based on image features (Itti et al., 1998; Borji & Itti, 2013) and top-down cognitive processes (Navalpakkam, Arbib, & Itti, 2005; Cerf et al., 2008) . These models are usually evaluated by comparing human fixations to a weighted distribution of different influences (Bylinskii et al., 2015; Borji & Itti, 2013; Le Meur & Baccino, 2013; Borji, Cheng, Jiang, & Li, 2015) . Although bottom-up and top-down influences as well as a combination of the two can predict human fixations (Bylinskii et al., 2015) , the CFB is a strong effect that improves goodness-of-fit more than any single feature (Judd et al., 2009; Bylinskii et al., 2015) . Most static visual attention models rely heavily on the implementation of the CFB (Kümmerer et al., 2015) which is at least partially a laboratory artefact (t ' Hart et al., 2009) . Therefore, we believe that data with reduced CFB, as generated by our paradigm, provide a stronger test for visual attention models than data produced by the classical scene viewing paradigm, where initial eye movements occur in response to a sudden image onset.
We conclude that by delaying the first saccadic response by 125 ms (or more) relative to image onset, we reduced the CFB, which is most pronounced during early fixations. The type of data collected in this experiment will help to advance our understanding of the processes that guide visual attention in scene viewing and to improve current models of visual attention.
